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Summary
mtDNA variation in the Cayapa, an Ecuadorian Am-
erindian tribe belonging to the Chibcha-Paezan linguistic
branch, was analyzed by use of hypervariable control
regions I and II along with two linked regions under-
going insertion/deletion mutations. Three major mater-
nal lineage clusters fit into the A, B, and C founding
groups first described by Schurr and colleagues in 1990,
whereas a fourth lineage, apparently unique to the Cay-
apa, has ambiguous affinity to known clusters. The time
of divergence from a common maternal ancestor of the
four lineage groups is of sufficient age that it indicates
an origin in Asia and supports the hypothesis that the
degree of variability carried by the Asian ancestral pop-
ulations into the New World was rather high. Spatial
autocorrelation analysis points out (a) statistically sig-
nificant nonrandom distributions of the founding line-
ages in the Americas, because of north-south population
movements that have occurred since the first Asian mi-
grants spread through Beringia into the Americas, and
(b) an unusual pattern associated with the D lineage
cluster. The values of haplotype and nucleotide diversity
that are displayed by the Cayapa appear to differ from
those observed in other Chibchan populations butmatch
those calculated for South American groups belonging
to various linguistic stocks. These data, together with
the results of phylogenetic analysis performed with the
Amerinds of Central and South America, highlight the
difficulty in the identification of clear coevolutionary
patterns between linguistic and genetic relationships in
particular human populations.
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Introduction
During the past decade, demonstrated variations in hu-
man mtDNA sequence have motivated the creation of
distinct, population-based research programs that are
focused on the origin, dispersal, and extinction of genetic
lineages and that use maternally inherited sequences
(Slatkin and Hudson 1991; Rogers and Harpending
1992). By explicitly rejecting a 17th-century concept of
race, which too often organizes the sampling regime of
many modern biologists, mitochondrial genetics has
helped to promote a wider appreciation of the global
distribution of human biological diversity. However, the
ability of these studies to yield statistically accurate in-
formation concerning the geographic origin of genetic
founders, long-term effective population sizes, dates of
population expansion, episodes of actual expansion
based on shared cultural innovations, or even past ep-
isodes of natural, sexual, and artificial selection remains
subject to differing interpretations (Harpending et al.
1998, Cavalli-Sforza 1998).
At present, an understanding of the last major con-
tinental expansion of our species, the movement of hu-
mans into the unoccupied tracts of the Americas, is
approaching resolution, because of archaeological, lin-
guistic, and genetic data (Bonatto and Salzano 1997;
Turner 1998). The migration scenario of nomadic Arctic
hunters from a now-submerged, central Beringian plain
moving into North America 35,000–14,000 years before
the present (ybp) has been reconstructed as a series of
contrasting models chiefly differing in the number of
genetically distinct Native American populations that
migrated. Variations include the time scale of their dis-
persal and expansion, identification of a specific geo-
graphic homeland, and their linguistic roots. Stimulated
by new archaeological and genetic information, spe-
cialists have moved beyond a conservative 12,000-ybp
colonization date (Taylor et al. 1985; Nelson et al.
1986), to a fuller appreciation that modern Siberians
may not represent the Far Eastern fringe of the relict
Beringian population center (Starikovskaya et al. 1998).
However, compared with continental African, Euro-
pean, or Asian maternal haplotypes, a relatively small
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Figure 1 Map of Esmeraldas province (northwestern Ecuador),
showing geographic location of the Cayapa.
number of aboriginal Americans have been analyzed at
the DNA sequence level. This numerical bias has led to
an underappreciation of the total genetic diversity of
indigenous people in the Americas (Szathmary 1993),
especially when the winnowing effects that epidemic dis-
eases and random drift have on genetic diversity in ge-
ographic isolates are considered. Genetic analysis of the
first real Paleoindian samples from Florida and Illinois
(Hauswirth et al. 1994; Stone and Stoneking 1998) have
clearly demonstrated that greater genetic complexity ex-
isted in North American only 700 ybp, compared with
that found today in donors from the same tribal area.
One (Bonatto and Salzano 1997), three (Greenberg et
al. 1996), or even four (Horai et al. 1993) waves of
immigrants entered the Americas from Beringia, some-
time during the past 30,000 years, carrying four (Torroni
et al. 1993), five (Bailliet et al. 1994), six (Forster et al.
1996), seven (Easton et al. 1996), or nine (Merriwether
et al. 1996) founding haplotype clusters. However, in-
clusion of data from South American tribal groups in
these models continues to be problematic, owing to ei-
ther differences in frequency or even complete absence
of proposed ancestral maternal haplotypes shared by
North and South Americans and either Siberians (Stone
and Stoneking 1998) or Mongolians (Merriwether et al.
1996). Confusion remains with regard to absolute chro-
nologies and relative dating of some skeletal samples and
archaeological sites in western and eastern Beringia
(West 1996), along with questions of admixture, recur-
rent mutation, contamination, and provenience (Torroni
et al. 1993).
We focus this study on the Cayapa (or Chachi) of
Ecuador, a group of South American Amerind lan-
guage–family speakers who have been known to western
anthropologists for almost 75 years (Barrett 1925).
Their history suggests a stable population that has
adapted to a number of catastrophic changes during the
past 500 years. They are of distinct interest to geneticists,
for at least three reasons. First, their oral traditions re-
count a migration from the western Amazon basin into
the Andes (Barriga-Lopez 1987; Carrasco 1988) and
then a flight from Ibarra into the lowland jungles to
escape first Inca and finally Spanish enslavement (Barrett
1925). These movements suggest that historical events
and forced acculturation have not significantly distorted
their genetic identity. Second, although they have been
exposed to disease epidemics brought by foreign contact,
their population appears to have been stable during
the past 250 years of colonial rule and has been slowly
increasing to its current size of ∼3,600 individuals, with-
out significant admixture from either European- or Af-
rican-derived settlements adjacent to tribal communities
(Pepe et al. 1994; Rickards et al. 1994; Scacchi et al.
1994; Titus-Trachtenberg et al. 1994). Thus, they rep-
resent the opportunity to investigate genotype survival
in an indigenous population that has had a relatively
stable census size during the past 10 generations. Un-
derstanding patterns of allelic-lineage survival under this
regime may contribute to resolution of the debate, be-
tween molecular and physical anthropologists (Turner
1998), with regard to molecular estimates of time scales
and expansion waves, which has characterized discus-
sion of diversity in the Yanomama, who totally lack
mitochondrial haplogroup A (Easton et al. 1996). Third,
the Cayapa are members of an important linguistic sub-
family (Chibcha-Paezan; Greenberg 1987) that spans
Central and South America, offering molecular anthro-
pologists the opportunity to study the coevolution of
genes and languages in spatially isolated replicates that
differ in the degree of contact with their neighbors, with
consequences for the lateral transmission of shared
elements.
We report here sequence variation in hypervariable
mtDNA control regions 1 and 2 (HV1 and HV2) and
length polymorphisms within noncoding sequences pre-
viously shown to distinguish Amerindian populations
from others. We compare these data with those from
other Native American groups and consider their im-
plications for both the reconstruction of the history of
the Cayapa and the founding of the Americas, as de-
duced from mtDNA evidence.
Material and Methods
Blood samples were collected by one of us (G.F.D.S.),
along the Cayapas River (approximately 0 latitude,
79E longitude; see fig. 1), from 204 individuals who
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gave their informed consent. Efforts were made to in-
clude only unmixed Cayapa in this sample. Each donor
was asked to supply name, birthplace, language, and
ethnicity for 3 generations, in order to allow us to de-
termine the extent of recent admixture. Blood was drawn
into sterile tubes containing acid citrate–dextrose anti-
coagulant, was frozen in liquid nitrogen, and then was
stored at 80C until DNA was extracted. Total ge-
nomic DNA was then prepared from 5–10 ml of whole
blood (Miller et al. 1988).
Three regions of human mtDNA were amplified by
PCR using specific primers. HV1 and HV2 contain most
of the sequence variation useful for phylogenetic analysis
of human populations and were produced according to
standard methods (Vigilant et al. 1989). Individual PCR-
amplification products were checked for purity by elec-
trophoresis on a 0.8% agarose/Tris-acetate EDTA elec-
trophoretic gel. A small noncoding region showing
9-bp length variation in the COII-tRNALys junction
(Wrischnik et al. 1987) was also amplified, under pub-
lished conditions that have been described by Rickards
(1995). The deletion of one of the 9-bp tandem repeats
was verified by direct sequencing of the double-stranded
PCR products of several individuals, by use of an in-
ternal primer (Wrischnik et al.1987). The Huetar 6-bp
deletion in HV2 (Santos et. al. 1994) was screened by
direct sequencing of samples from 30 individuals. On
the basis of absence of the deletion in this initial sample,
we adopted the fast procedure (Santos and Barrantes
1994a) for detection of this deletion, with slight modi-
fications. A 7-ml aliquot of HV2 amplification product
was digested at 37C for 16 h with 1.2 U of the enzyme
BsiHKAI (Biolabs). The resulting fragments were sepa-
rated on a 4% Nusieve agarose gel run at 90 V for 2
h.
For manual sequencing, the product of an asymmetric
PCR (Erlich 1989) was purified either by a Qiaquick
PCR spin column (Qiagen) or ethanol precipitation.
Overlapping sequencing reactions of both strands were
performed with the dideoxy chain–termination proce-
dure of Sanger et al. (1977), by use of a Sequenase 2.0
reagent kit (U.S. Biochemicals). Automated sequencing
of double-strand PCR products by dideoxy termina-
tor–cycle sequencing was performed with a GeneAmp
PCR System 2400 (Perkin-Elmer) and the recommended
sequencing kit protocols of the manufacturer, followed
by resolution of fluorescent dye–labeled templates on an
ABI Prism 310 DNA sequencer (Perkin-Elmer).
mtDNA data were used to infer both the demographic
history and the genetic history of the Cayapa, by a va-
riety of statistical indices and phylogenetic estimation
procedures. We first calculated intrapopulation mean
pairwise sequence differences; genetic distances, by use
of Kimura’s (1980) two-parameter method; and hap-
lotype diversity (denoted as “H” in the work of Nei and
Roychoudhury [1974]). Two measures of nucleotide di-
versity were then calculated: the average number of nu-
cleotide differences, per site, between any two randomly
chosen sequences in the current generation, p (Nei and
Tajima 1981), is a standard metric, and En, the long-
term value (Watterson 1975), is an alternative metric
that focuses directly on polymorphic sites and sample
size. Mismatch distributions were computed by pro-
grams provided by G. Gorla and O. Rickards.
Genetic distances were used to estimate phylogenetic
relationships between individual maternal lineages, via
programs in Phylip 3.5 (Felsenstein 1993), with the cor-
rected transition:transversion ratio of 10:1. Consensus
maximum likelihood (ML), unweighted-pair-group
method of analysis, and neighbor-joining (NJ) trees were
obtained, and all trees were rooted by use of a highly
divergent sub-Saharan mtDNA sequence (Kocher and
Wilson 1991) as an outgroup. Parsimony analysis using
the PAUP 3.0s package (Swofford 1993) was also per-
formed, using heuristic searches, tree-bisection recon-
nection, and nearest-neighbor interchange to produce
100 minimal trees per replication. Topologies of equally
most parsimonious trees were summarized as a majority-
rule consensus tree. All topologies were similar to the
NJ tree obtained.
Data from 378 additional Native American published
sequences (Dipartimento di Biologia dell’Universita`–Tor
Vergata on-line database of Native American mtDNA)
were included in the sample, for both phylogenetic es-
timation and comparison with results of our analysis of
lineage diversity detected in the Cayapa alone.
To avoid the possibility of distortion of the ancestral
structure via recent parallelism, only those sequences
found in more than two individuals were included, with
use of parsimony-based methods. This was done be-
cause, under neutrality, in a young expanding popula-
tion, the more frequent haplotypes tend to be older
(Donnelly and Tavare` 1986). Haplotype diversity and
nucleotide diversity were also calculated for 10 indige-
nous populations (see table 4), by use of the 186 HV1
nucleotide positions common to all studies (base pairs
16185–16370).
Spatial arrangements using the frequencies of mtDNA
founding lineages previously suggested for 51 Native
American populations (Dipartimento di Biologia
dell’Universita`–Tor Vergata on-line database of Native
American mtDNA) were examined by spatial autocor-
relation (SA) analysis (Sokal and Oden 1978). SA sta-
tistics were calculated by the Spatial Autocorrelation
Analysis Program, version 4.3, of Watenberg (1989).
Pairs of populations were placed in one of five arbitrary
distance classes. An SA coefficient, Moran’s I, was then
computed for each lineage and distance class. Values of
this statistic range from 1 (indicative of genetic simi-
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larity in the frequencies found in a given class) to 1
(indicative of dissimilarity).
Results
Patterns of mtDNA Variability
Insertion/deletion mutations (INDELS): COII-tRNA Lys
(9 bp).—In a sample of the 204 Cayapa tested, 39% had
the 9-bp deletion. We characterize this as the X.I type
of deletion, caCCCCTCTA (Lum and Cann 1998). This
mutation is found in the gene pool from which both
Austronesian speakers in the Pacific and some Amerinds
of North and South America arose. The frequency of
the deletion is in close agreement with observations with
regard to other Amerind groups from South Amer-
ica—such as the Mapuche and Mataco of Argentina,
who possess it at a frequency of 36% (Ginther et al.
1993; Torroni et al. 1993; Bailliet et al. 1994), and the
Mexican Zapotec, who possess it at a frequency of 33%
(Torroni et al. 1994).
Amerinds from other areas generally possess this de-
letion in highly variable frequencies, and it tends to be
most concentrated in populations settled along the coast-
line on both sides of the Pacific Rim. This deletion is
known, on the basis of studies of ancient donors, to have
been present in the North American Rockies 8,000 ybp
(Stone and Stoneking 1996), but it shows no obvious
correlation with linguistic characteristics in the Ameri-
cas, and it is absent in circum-Arctic groups today
(Shields et al. 1993).
The 9-bp deletion of the X.I type (Lum and Cann
1998), when examined by direct sequencing, occurs on
the same broad group of control-region haplotypes be-
longing to the B-haplotype cluster in every Pacific Rim
population sampled thus far, suggesting that the deletion
is probably monophyletic for the Americas. The muta-
tion event that created this deletion is inferred to be
different from that observed in African and European
maternal genealogies, because entirely different control-
region haplotypes characterize those groups of donors
(O. Rickards and C. Martı´nez-Labarga, unpublished
data).
INDELS: HV2 Huetar (6-bp) deletion.—In contrast, a
second deletion—the Huetar deletion—previously ob-
served to occur in Panama, Costa Rica, and Chile,
among speakers of the Chibchan- and Andean-language
subfamilies, has a much more limited distribution. It was
not seen in any of the 30 individual Cayapa who were
initially assayed by direct sequencing. The remaining
samples were then tested by the indirect method de-
scribed in the Material and Methods section, and no
individuals were judged to contain this particular
marker.
Unlike the 9-bp deletion, which is always seen on the
B group of haplotypes in the Americas, this length mu-
tation is not associated with a particular subset of an-
cestral maternal lineages. It also occurs sporadically
among non-Chibchan Amerind speakers in the Americas
who belong to the A and D haplotype clusters (Merri-
wether et al. 1995). We suggest that this deletion most
likely represents a new, independent mutation event in
the same highly mutable region of hypervariable se-
quence, in multiple haplotype groups, and is not a par-
ticular characteristic of one founding haplotype family
or linguistic subgroup. All other polymorphisms de-
tected in the hypervariable regions, with the exception
of insertions of one or two C’s at position 303 and/or
one C at position 315, were due to single base
substitutions.
Single-Nucleotide Polymorphisms Associated with the
Hypervariable Region
Thirty randomly chosen individuals were subjected to
extensive sequencing for both HV1 and HV2 (871 bp).
Table 1 summarizes information about the general pat-
terns of sequence variation associated with the Cayapa
lineages, for these portions of the control region. Thirty-
four polymorphic sites, along with the 9-bp deletion,
define 10 distinct mtDNA haplotypes (C 1–C10) in 30
individuals randomly chosen for the most extensive anal-
ysis. Haplotypes C1 and C2 are associated with the 9-
bp deletion and belong with lineages assigned to the B
group. The Cayapa and the Huetar from Costa Rica
share 3 of the 10 identified haplotypes (Santos et al.
1994), and others have been identified in other groups
as well (Ginther et al. 1993; Santos et al. 1994; Batista
et al. 1995; Kolman et al. 1995; Easton et al. 1996).
Statistical analysis showed a nonrandom ( ) dis-P K .001
tribution of substitution patterns for transitions, for
HV2.
One hundred twenty additional randomly chosen
Cayapa were examined for the most highly polymorphic
region of HV1, covering 186 nucleotides (table 2). Only
transition mutations were noted in this region. With just
this limited sequence block, 13 different haplotypes were
identified, and 10 appear to associate with three previ-
ously identified lineage clusters (A—C) defined on the
basis of more-extensive information (Torroni et al. 1992;
Horai et al. 1993). Of these 13 haplotypes, 3 (CAYAPA
11–CAYAPA13) appear frequently (22%) and may be-
long to a lineage that is specific to the Cayapa. Eight of
the 13 haplotypes occurred more than once, and 6 oc-
curred more than four times.
To determine whether the Cayapa lineage may be the
possible consequence of admixture with surrounding
populations of African Americans or Mestizos, mtDNA
from 20 individuals from the black community of the
Rio Cayapa, 20 Spaniards, and 40 Africans from eastern
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Table 1
Polymorphic mtDNA D-Loop Sites in HV1 and HV2
NO.
POLYMORPHIC NUCLEOTIDES
Region V
Deletion
1111111111111111111
6666666666666666666
1112222222221112222222233333333
6674550001346991881247899900122456
3436230475593011397311701812957262
CR Sequencea TCATTAATGAAAAAACATTCATCCCTCAGTCTTT
Haplotypes:b
C1 5 ..G.........G...CCC............... Yes
C2 1 ..GC...CA...G...CCC............... Yes
C3 5 .TGC.G....G.G..T...T...T....A....C No
C4 1 CTGC.G....G.G..T...T...T....A...CC No
C5 3 .TGC.G....G.G..TCC.T..TT....A....C No
C6 1 .TGC.G...GG.G..T...T...T....A....C No
C7 1 ..G........–G––....T.....C...CT... No
C8 2 ..G...G....–G––....T.....C.G.CT... No
C9 2 ..G........–G––....T.C...C...CT... No
C10 9 ..G.C.......G......TG...T.T....C.C No
Total 30
a Cambridge reference sequence (Anderson et al. 1981).
b Dots (.) indicate identity with the CR sequence; dashes (–) denote deletions.
Table 2
Polymorphic mtDNA D-Loop Sites in HV1
HAPLOTYPE NO.
POLYMORPHIC
NUCLEOTIDES
11111111111111111111
66666666666666666666
12222222222333333333
81112478999001224556
93473117018129572692
CR Sequence TGCTCATCCCTCAGTCTTTT
Lineages:
B CAYAPA1 48 C..C................
A CAYAPA2 22 ....T...T....A.....C
CAYAPA3 8 C...T..TT....A.....C
CAYAPA4 1 ....T..TT....A.....C
CAYAPA5 2 .A..T...T....A.....C
CAYAPA6 1 ....T...T....A...C.C
CAYAPA7 1 ..T.T...T....A...C.C
C CAYAPA8 1 ....T.....C...CT....
CAYAPA9 4 ....T.....C.G.CT....
CAYAPA10 6 ....T.C...C...CT....
Cayapa CAYAPA11 6 ....TG...T......C..C
CAYAPA12 19 ....TG...T.T....C..C
CAYAPA13 1 ....TG...T......C.CC
Total 120
NOTE.—Data are as defined in the footnotes to table 1.
and western Africa were included. No evidence of the
Cayapa lineage was discovered in these samples (O.
Rickards and C. Martı´nez-Labarga, unpublished re-
sults). It shares four mutations (at nucleotide positions
73, 263, 16223, and 16362) in common with the A and
D lineage clusters described by Torroni et al. (1992).
The latter two substitutions (i.e., those at 16223 and
16362) were determined, by Wakeley (1993), to be the
most variable (they had 19 inferred changes) in HV1
and thus are not good indicators of lineage associations.
The Cayapa lineage (table 3) is distinct from both A-
and D-haplogroup lineages, at a number of other char-
acteristic positions.
Estimations and Comparisons of Diversity
Haplotype and nucleotide diversities for the Cayapa,
Chibchan speakers from lower Central America (the
Kuna, Ngo¨be, and Huetar), and linguistically distant
Native American tribes from diverse parts of the con-
tinent are shown in table 4. Nucleotide-diversity values
(p) for the Cayapa are low compared with those for
other Chibchan speakers, but En values are high, an
indication that Cayapa population growth during the
past 2–3 generations has been slow (Carrasco 1988),
compared with that of other Chibchan speakers.
The distribution of pairwise sequence differences
(Slatkin and Hudson 1991; Rogers and Harpending
1992) for the Cayapa (fig. 2) shows two major peaks,
one of which is at 0 (reflective of identical sequences)
and one of which is at 6, a pattern noted in other tribal
populations from the same language family (Batista et
al. 1995; Kolman et al. 1995). This pattern may reflect
the nonmonophyletic nature of the Cayapa, with the
peak at 6 reflecting diversity that arose in ancestral Asian
populations and with the peak at 0 (reflective of a large
number of identical lineages) stemming from a recent
bottleneck event that reduced the number of effective
females. If the peak at 0 reflects merely the steady-state
population growth of the tribe, it is unclear why the
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Table 3
Control-Region Variable Sites Defining Major
Amerindian mtDNA Clusters
POLYMORPHIC NUCLEOTIDESa
11111111111111
66666666666666
1112222211222222333333
674553469918124999012246
436235930119731018195722
CR Sequence CATTAAAAAACTTCACCTCGTCTT
Lineages:b
A TGC.GG.G..T..T.T...A...C
B .G.....G...CC...........
C .G....–G––...T...C..CT..
Cayapa .G.C...G.....TG.T.....CC
D .G.C...G.....T....T.C..C
NOTE.—Data are as defined in the footnotes to
table 1.
a Data are from Ginther et al. (1993), Santos et
al. (1994), Batista et al. (1995), Kolman et al.
(1995), and the present study.
b According to Torroni et al. (1992), Horai et
al. (1993), and the present study.
maternal lineage generating a substantial fraction of this
peak (in the Cayapa lineage) is not found in adjacent
groups.
Phylogenetic Analyses of Haplotypes via Genetic
Distances
A consensus tree (fig. 3) for the 10 Cayapa haplotypes,
discovered by use of HV1 and HV2 sequences, was pro-
duced by the neighbor-joining method used with genetic
distances estimated by Kimura’s (1980) two-parameter
model, with an African outgroup (Kocher and Wilson
1991). Three major clusters appeared. The same results
were found by the ML method and by the maximum
parsimony (MP) algorithm (data not shown). We eval-
uated the resultant tree by the bootstrap method (Efron
1979), using 1,000 replications. The first group contains
haplotypes C1 and C2 together, the second group con-
tains C3–C6, and the third group contains C7–C9. The
tenth haplotype (C10) connects to the C7-C8-C9 cluster
of lineages, albeit poor (47%) bootstrap support, and
lacks three deletion mutations (at nucleotide positions
249, 290, and 291) characteristic of this group. The
three clusters with good bootstrap support correspond,
respectively, to lineage groups B, A, and C, which pre-
vious studies have identified in Native Americans (Tor-
roni et al. 1992; Horai et al. 1993). The C10 haplotype
is present at high (30%) frequency in our sample and
does not appear to have been described in previous
reports.
SA
Although many individual Amerind populations lack
at least one of the hypothesized ancestral lineage clusters
A–D (Dipartimento di Biologia dell’Universita`–Tor Ver-
gata on-line database of Native American mtDNA) and
have been described informally as showing north-south
geographic clines for maternal lineage diversity, table 5
shows Moran’s I values that document this trend as a
decreasing value of I, with distance, for lineage clusters
A–C. For lineage cluster D, northern and southern pop-
ulations are similar to each other but are different from
Central American populations. This result emphasizes
both (1) the importance of the isthmus of Panama as a
geographic sink for the dispersal of some genotypes in
the Americas and (2) the unique nature of isolation
around this zone, which has created unusual microe-
volutionary forces among the Chibchan speakers resid-
ing in lower Central America (Barrantes et al. 1990).
Discussion
A general population model of American local tribal
groups undergoing drift and local lineage extinction,
with maternally inherited diversity being periodically re-
plenished by admixture with adjacent, larger source pop-
ulations, seems to describe well the picture of haplotype
diversity in the Cayapa. They contain most of the ap-
parently major lineage clusters of Amerindians, with a
coalescent indicating diversity that arose in Asian an-
cestors well before the peopling of the Americas. The
Cayapa thus appear to be closer to the metapopulation
concept (Hanski and Gilpin 1997) of population biology
than to that which emphasizes the stability and persist-
ence of local groups. This genetic-diversity pattern con-
trasts with that found in other tribal populations oc-
cupying extreme human habitation zones of North,
Central, and South America—for example, the Sa-
voonga Eskimo, Guaymi, and Xavante, all of which have
lost lineages and may be geographically or culturally
isolated from central source populations. Population
forces that have kept the Cayapa total census size small
have, at the same time, promoted structuring that yields
a rather large effective population size, and recent ar-
chaeological descriptions of Amazonian foraging cul-
tures dating as far back as 15,000 ybp suggest that fish-
ing camps may have commonly developed along
waterways during the Holocene (Roosevelt et al. 1998),
providing the mechanism by which local demes were
linked. Short-range gene flow under such a model would
have been sufficient to reintroduce lineages that previ-
ously had been lost.
What is also striking is that this small tribal popu-
lation has maintained its relative isolation for a period
of time sufficiently long that it has evolved, in situ, an
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Figure 2 Distribution of pairwise sequence differences within
the Cayapa. The abscissa indicates the number of base differences in
a pair, and the ordinate indicates the frequency (in %) of each
difference.
Table 4
mtDNA Sequence Diversity in the Cayapa and Other Native American Populations
POPULATION
NO. OFa
HAPLOTYPE
DIVERSITYb
NUCLEOTIDE
DIVERSITY
Individuals
Mitochondrial
Haplotypes
Polymorphic
Sites pc E(n)d
Cayapa 120 13 20 .7766 .2502 3.7340
Kuna 63 5 9 .5698 .3467 1.9132
Ngo¨be 46 5 9 .7429 .4141 2.0531
Huetar 27 6 9 .6724 .3065 2.3467
Mapuche 38 11 18 .8976 .2891 4.2709
Xavante 25 3 7 .6400 .3086 1.8642
Zoro 30 9 14 .7747 .2345 3.5494
Gavia˜o 27 7 13 .8661 .2758 3.3897
Nuu-Chah-Nult 63 24 19 .9376 .2207 4.0390
Bella Coola 40 10 15 .8730 .2371 4.2447
Haida 41 8 13 .6586 .1536 4.2195
a Data are from Ward et al. (1991, 1993,1996), Ginther et al. (1993), Santos et al. (1994), Batista
et al. (1995), Kolman et al. (1995), and the present study.
b H, according to Nei and Roychoudhury’s (1974) formula.
c According to Nei and Tajima’s (1981) formula.
d According to Watterson’s (1975) formula.
apparently unique mitochondrial marker, such as the
C10 haplotype discovered here. Alternatively, C10 may
exist at low frequencies in other populations, which have
not been adequately sampled. If this mutation is not
shared by other neighboring groups, it is possible that
it results from the chance inclusion of a few maternal
lines with the appearance of extra high rates of
substitution.
The distribution of new mitochondrial muta-
tions—for example, those arising in the Americas, as
distinct from those found among potential ancestral
populations in Asia and elsewhere—is primarily depen-
dent on both the length of time since the mutation’s
origin and the strength of gene flow to distribute the
new mutation widely among geographically isolated
groups. The combination of both cosmopolitan and
unique lineages implies that the ancestors of the Cayapa
not only experienced gene flow in the past but also un-
derwent periods of extensive isolation from their neigh-
bors (and this can be inferred from the shape of the
mismatch distribution of sequence diversity, which
shows two peaks). This finding is in line with oral
traditions and historical records that state that the Cay-
apa fled the Inca, other Amerind groups, and the Span-
ish. Their population size, estimated to have been
∼1,500 in 1734 (Carrasco 1988), remained stable until
the report by Barrett (1925) in 1908–9 and has now
approximately doubled, to 13,000. These numbers help
to establish the parameters under which the rates of line-
age extinction and lineage origination may be expected
to balance each other in technically simple human
societies.
Many aboriginal populations, when examined for
haplotype diversity, show a reduced number of distinct
lineages compared with what is seen in urban groups,
supporting the idea that a population bottleneck oc-
curred during the dispersal of humans into the Americas
(Schurr et al. 1990). Stone and Stoneking (1998) report
that, on the basis of hypervariable sequence diversity,
the average percentage of rare- or single-occurrence line-
ages in modern Native American populations is 45.7%,
whereas the frequencies in the Yanomama (75%) of
South America and the prehistoric Oneota (74%) of
North America appear to be at the extreme end for the
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Figure 3 Phylogenetic tree inferred from sequence data reported
in table 1, by use of Kimura’s (1980) two-parameter distance and NJ
method. This is a 50%-majority-rule consensus tree generated by the
TBR branch-swapping algorithm. Numbers at the nodes indicate the
percentage of bootstrap replications supporting each node. The same
topology was also obtained by the MP and ML methods (data not
shown). The labels at the tips of the branches indicate the different
mtDNA haplotypes. The tree was generated by 1,000 resamplings of
the 30 Cayapa sequences, along with a sub-Saharan African sequence
as outgroup (Kocher and Wilson 1991).
Table 5
Moran’s I Computed for Pairs of Populations, for Each Native
American mtDNA Founding Lineage and for Each Distance
Class
LINEAGE
MORAN’S I FORa
Class 1 Class 2 Class 3 Class 4 Class 5
A .57** .45** .05* .16** .39**
B .37** .01 .04* .06 .21**
C .52** .03 .07 .01 .13**
D .39** .12* .02 .24** .02
Average .46 .13 .01 .11 .19
a Distance classes are defined as follows: class 1, all pairs of
populations 0–1,000 km apart (87 pairs); class 2, all pairs of
populations 1,001–2,000 km apart (122 pairs); class 3, all pairs
of populations 2,001–5,500 km apart (476 pairs); class 4, all pairs
of populations 5,501–10,000 km apart (326 pairs); and class 5,
all pairs of populations 10,001–18,128 km apart (264 pairs). The
upper limit of class 5 corresponds to the maximum distance found
among all possible pairs of populations included in the analysis.
* .P ! .05
** .P ! .01
range. The value that we calculate for the Cayapa,
38.5%, is approximately half of these estimates and re-
fers specifically to the 120 individuals in whom the HV1
region of the D loop has been sequenced. This measure
in the Cayapa is very close to that reported for the Kuna
of Central America (43%), another tribe in the Chib-
chan-language family, which is estimated to be ∼10 times
as large as the Cayapa and is known to have undergone
rapid growth during the past 50–60 years (Gjording
1991; Kolman et al. 1995).
The similar frequency of the 9-bp deletion in the Cay-
apa, compared to other South American Amerind pop-
ulations, and its tight association with B haplogroup
lineages emphasizes the monophyletic nature of this de-
letion mutation on a particular ancestral haplotype in
the Americas. This B lineage group constitutes a large
proportion of the surviving indigenous South Americans,
and its tight association with indigenous populations of
remote Pacific islands indicates that it arose in the same
source population of Asia that contributed to a dispersal
event in two different directions at two different times.
The mutation associated with this deletion has to be as
old as the first settlement, judging from its broad dis-
tribution among Amerinds and Pacific Islanders.
In contrast, the 6-bp Huetar deletion is lacking in the
Cayapa, although it is present in the Boruca, Bribri, Ca-
becar, Huetar, Guaymi, Kuna, and Teribe, who are Chib-
chan speakers in Central America (Santos and Barrantes
1994b, 1995). By other measures of diversity, the Cay-
apa appear closer to non-Chibchan speakers of South
America than to representatives of the same language
family in Central America, a classic case of discordance
between genetic and linguistic data, as is to be expected
among complex polyphyletic populations such as these
(Rickards et al. 1994). This deletion may have arisen
recently in Central America, before the lineage has had
time to spread widely. On the other hand, the number
of Cayapa whom we sampled was insufficient to allow
us to detect this low-frequency haplotype. Finally, if it
is assumed that the mutation arose in the ancestral
proto-Chibchan population (Santos and Barrantes
1994b), there remains the possibility that it was simply
lost in the founder Cayapa population of Chibchan
speakers who presumably crossed the isthmus of Pan-
ama. Since this deletion is found in tribal Chilean pop-
ulations outside the same language family (Merriwether
et al. 1995), more analysis is needed to determine
whether (a) it had recent multiple origins because of hot
spots for variation in HV2 (Parsons et al. 1997; Jazin
et al. 1998) or (b) its distribution simply represents the
ancient assimilation of individuals from different lan-
guage groups into what now looks like a single, lin-
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guistically homogeneous subfamily. Unique polymor-
phisms identified in the Chibchan speakers of Central
America contribute to the view that there has been a
substantial period of genetic isolation between Central,
South, and North American Amerinds, perhaps as long
as 7,000 years (Barrantes et al. 1990).
Whatever the antiquity of the Cayapa as a defined
linguistic group, their demographic history, as inferred
from mtDNA sequence data and their mismatch distri-
bution (see fig. 2), supports no prolonged population
bottleneck stemming from the differential reproductive
effort of only a few founders. Even though the popu-
lation has persisted in modest numbers for the past 250
years, extensive maternal genetic diversity has been
maintained. This observation is important in the con-
sideration of how small Beringian populations of Arctic
hunters were able to procure new mates and avoid in-
breeding depression during extended periods in which
they were cut off from major population centers, either
by being trapped in North America on one side of the
ice-free MacKenzie corridor or by being isolated in east-
ern Beringia for several thousand years as the central
Beringian plain oscillated in size 26,000–10,000 ybp
(West 1981, 1996). Fluctuating population sizes should
result in the random extinction of lineages via genetic
drift, and kinship systems that encourage exogamy
might be predicted to offset this trend. Multiple patterns
of coevolution between genes and language should there-
fore be expected, depending on how resources have been
partitioned when and if societies developed from mobile
groups of patrilocal hunters into the more sedentary
practice of farming.
The finding that both the nonagrarian Cayapa and
the Yanomama, an Amazonian–rain-forest tribe within
the same linguistic subfamily, show very similar mea-
sures of genetic diversity when parameters other than
numbers of unique lineages are considered gives hope
that, however disturbed these populations may now be,
there are general molecular-genetic patterns reflecting a
common history of the settlement of South America that
remain to be discovered. At the same time, discrepancies
between diversity estimates for the Cayapa compared
with Chibchan speakers of Central America highlight
the difficulty in the identification of a clear relationship
between linguistic affiliation and genetic affinity. Mis-
match distributions (see fig. 2) show the two major peaks
characteristic of Chibchan speakers in both areas. Ad-
mixture between geographic neighbors and gene flow
that is not recent in origin were suspected for some Cen-
tral American groups, and, in most population studies,
this remains a difficult problem to dissect (Wakeley and
Hey 1997). However, our data show that no recent gene
flow with non-Amerindian groups accounts for the mix-
ture of maternal lineages now seen among the Cayapa.
Thus, discussion of the origin of the Chibcha-Paezan
language speakers from a common stock in both Central
and South America versus the importance of gene flow
from neighboring tribes (Torroni et al. 1993) would be
furthered by inclusion, in future studies, of the Paezan-
speaking Colorado from Colombia and Ecuador.
With regard to the larger question, we are of the opin-
ion that the number of migrations and the exact time
scale for this major dispersal event(s) into the Americas
cannot be profitably extracted from these genetic data
by current methods, because most tribal groups dem-
onstrate the pattern of polyphyletic lineage history. No
debatable archaeological evidence currently supports an
early dispersal into the Americas with a sustained cul-
tural record of tool use or habitat modification prior to
∼16,000 ybp (Roosevelt et al. 1998; Turner 1998). One
previous attempt that used mtDNA sequence to present
a synthetic summary of genetic, linguistic, and archae-
ological evidence was limited to an analysis of haplo-
group-A types only (Bonatto and Salzano 1997); the
result allowed the authors to claim that values for di-
vergence between any pair of Native American popu-
lations were always significantly lower than those be-
tween this pair and the combined Asian group. We
suggest that such a result would not have been obtained
if the other haplogroups had been included within the
analysis, since the results for these haplogroups would
show the Cayapa to be the closest genetic relatives of a
group of non-Native Americans (to date, the Kapinga-
marangi, a Polynesian outlier within Micronesia), prob-
ably because of similar patterns of ancestral lineage loss
in small populations. Each time that we make inappro-
priate assumptions about tribal-group composition and
stability, we ignore quantities of data that underscore
the episodic loss and renewal of human genetic diversity.
Human population-genetic models that use mono-
phyly of lineages as an assumption (such as branching
algorithms and mismatch distributions) need to be dis-
cussed as approximations—and not as ultimate solutions
to intractable archeological problems, such as the geo-
logical disappearance of a major dispersal corridor. A
second major synthetic study using mtDNA sequence
data (Horai et al. 1993) included all four major hap-
logroups known before extensive sequencing revealed
other distinct lineage groups, but it had such shallow
structure in the estimated phylogenetic trees that little
confidence could be placed in the subsequent historical
reconstruction of dispersal history, including waves and
dates. An updated study on ∼400 Native Americans
from Central and South America would only be further
complicated by the addition of three to five presumably
ancestral lineage clusters to the first four, because of
similarly low bootstrap support for each major node
(data not shown).
Human geneticists might be well advised to only mod-
estly suggest that their suggestions with regard to the
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identification of population waves for archaeological
consideration are simply exercises in speculation that
have little precision. Our research continues to document
the unique composition of genomes in space and time,
but interpretations of the exact process by which genetic
diversity has accumulated should be stated with greater
caution, if it is to have credibility among a broader range
of disciplines. The Cayapa demonstrate that lineage po-
lyphyly complicates every statement made about genetic
population history, even in a system that considers only
maternal transmission. The difficulties that attend the
appropriate incorporation of information from bipar-
entally inherited loci into the effort to reconstruct pop-
ulation history—an effort that is the ultimate goal of
most anthropological geneticists—can be only broadly
imagined on the basis of this example.
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